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Abstract 
Cobalt molybdenum catalysts supported on novel activated carbon-HZSM-5 composites with different mass ratios 
were prepared by wet-impregnation method and pre-sulfided by CS2. Characterization of these catalysts was done 
using X-ray powder diffraction, Fourier transform infrared spectroscopy, N2 adsorption-desorption, and scanning 
electron microscope analytics. Their activity for the hydrodesulfurization reaction of dibenzothiophene was investi-
gated at atmospheric pressure in the temperature range of 250–400 °C using the fixed-bed reactor with 0.5 g of 
each powder and pre-sulfided with CS2. The highest conversion of dibenzothiophene at the temperature range of 
300–400 °C was obtained for the CoMo/activated carbon-HZSM-5(1:1) catalyst. The best selectivity for cyclohex-
ylbenzene, which is the dominant product according to gas chromatography results, was obtained at all tempera-
tures using CoMo/activated carbon-HZSM-5(3:1) catalyst. 
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1. Introduction 
Sulfur compounds present in fuels derived 
from crude oil, which mainly include thiophene, 
dibenzothiophene and other thiophene-based 
materials, have been significant sources of envi-
ronmental pollution due to the conversion to 
sulfur oxides in the combustion process. They 
also cause corrosion of connections in chemical 
reactors. To reduce the emission of these sub-
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stances due to the detrimental environmental 
effects, their adverse effects on human health, 
as well as access to high quality fuels, strict 
laws have limited the amount of sulfur to less 
than 10 ppm in refinery products [1–3]. 
Among the different methods used for this 
purpose, such as: extractive desulfurization 
(EDS), oxidative desulfurization (ODS), adsorp-
tive desulfurization (ADS), biodesulfurization 
(BDS), and the hydrodesulfurization (HDS) 
method, is preferred, because of its practicality 
and efficiency compared to other methods in re-
fineries [4]. In this reaction, sulfur is eliminated 
by using heterogeneous catalysts and the inter-
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action of hydrogen gas and sulfur-containing 
feed. Since the dependence of this process on 
the catalytic performance, stability and the cru-
cial role of the catalytic supports in the high 
dispersion of the active phase, many efforts 
have been made to develop efficient catalysts to 
achieve a minimal amount of sulfur [5,6]. In-
vestigation of the support effect is essential to 
understand their role in the active, the promot-
er phase dispersion and the types of metal-
support interactions [7,8]. Various materials, 
such as: silica [9], TiO2 [10], ZrO2, carbona-
ceous and silicate mesoporous, are used as the 
support in this process [11]. 
The use of carbon materials because of low 
cost, high surface area and rich pore structure 
have been widely reported in adsorption pro-
cesses [12]. Zeolites are mainly used as support 
to increase surface area, access to acid/base 
sites and ease of molecular diffusion into the 
pores, either alone or as a composite. Recently, 
the application of composite supports has ex-
panded due to their influential role in improv-
ing the performance of catalysts [13]. Wu et al. 
reported that NiMo/ZSM-5-Kit-6 showed higher 
yields in the hydrodesulphurization reaction 
than NiMo/Al2O3 [14]. Also Zhang et al. illus-
trated that nickel-molybdenum supported on 
ZSM-5-FDU-12 performs better than Ni-
Mo/FDU-12 [15]. Parsafard et al. investigated 
the activity of cobalt-molybdenum impregnated 
on silicates-HZSM-5 composites, which found 
CoMo/Kit-6-HZSM-5 have the acceptable per-
formance in the HDS process due to its struc-
tural properties [16]. 
In this work, an attempt is made to prepare 
the composite catalysts by using the activated 
carbon due to desirable properties such as cost-
effectiveness and high surface area, as well as 
zeolite support for easy access to acidic sites 
and increasing molecular diffusion. The aim is 
that hybrid catalysts, in addition to being envi-
ronmentally friendly, show good performance 
in the HDS process due to their desirable prop-
erties. In this project, novel activated carbon-
zeolite composites with different weight ratios 
to investigate the effect of each of them were 
designed. Cobalt and molybdenum metals are 
loaded on composites in certain percentages. 
The reason for this is that their performances 
evaluated as a function of the reaction temper-
ature and the change in the weight ratio of 
each catalytic support. The CoMo catalysts 
were prepared by the co-impregnation method 
and their activity were investigated in HDS 
process. It should be added that the powders 
were identified by various techniques, such as 
FT-IR, XRD, N2 adsorption-desorption, and 
SEM, to determine their geometrical and struc-
tural properties. 
 
2. Materials and Methods 
To prepare composites with different weight 
ratios by sol-gel method, a specific amount of 
activated carbon and weighted H-ZSM-5 were 
mixed and rotated after adding distilled water 
at 80 °C until the gel formation [17]. The pre-
pared composites were washed and dried at 
100 °C. These composites are symbolized as 
AC-Z (x:y) that x and y are the weight ratio of 
activated carbon and zeolite. Next, to prepare 
catalysts with 10 wt% molybdenum and 3 wt% 
cobalt, a solution of ammonium heptamolyb-
date at the specified concentration was pre-
pared and a certain amount of cobalt nitrate 
salt was weighed and added to the desired 
composites [16]. Subsequently, by adding dis-
tilled water the final solution was stirred until 
the gel formed. The gel was then dried over-
night in an oven at 100 °C and then calcined 
for 4 h up to 300 °C. 
 
2.1 Catalyst Characterization 
The crystal structure of the desired cata-
lysts was collected by X-ray diffraction (XRD) 
with an X-PERT diffractometer using Ni-
filtered Cu-K radiation at 45 kV and 50 mA 
at a scanning speed of 0.06º s−1. FT-IR spectra 
were recorded on a BOMEM FT-IR spectropho-
tometer model Arid-Zone TM, MB series in the 
range of 400–4000 cm−1. For detection of prod-
ucts, a Gas Chromatography (model 7890), 
equipped with a flame ionization detector and 
a split/non-flush input chamber and BP5-type 
Moon Column (SGA Australia) manufactured 
by the Ajilien Company (USA) was used. Scan-
ning electron microscope (SEM) images were 
obtained by a HITACHI S-4160 instrument 
those catalysts coated with gold and operating 
at an accelerating voltage of 30 kV. Pore size 
and surface area of catalysts were determined 
by a Brunauer–Emmett–Teller (BET) method 
(BELSORP MINI II). The data were obtained 
at −196 °C on a constant–volume adsorption 
apparatus. Prior to the adsorption-desorption 
measurements, all samples were degassed at 
300 °C in N2 flow for 3 h. 
 
2.2 Catalyst Eevaluation 
Hydrodesulphurization of dibenzotiophene 
(DBT) was performed in a continuous Pyrex 
fixed-bed micro reactor at atmospheric pres-
sure and temperature range of 250–400 °C. 
This process was conducted over 0.5 g of each 
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CoMo impregnated catalyst with an inlet gas 
containing 5 wt% DBT dissolved in toluene. 
Before the catalytic test, all catalysts were pre-
sulfurized with a solution of 2 wt% CS2 in cyclo-
hexane with the rate of 2 mL.min−1 via a sy-
ringe pump and H2 flow of 40 mL.min−1 at 350 
°C for 2 h under atmospheric pressure. Then, 
the catalytic test was performed in the men-
tioned temperature range with the same hydro-
gen and feed flow and the reactor output were 
recorded by the gas chromatograph (Agilent 
Technologies 7890A equipped with a flame ioni-
zation detector). 
 
3. Results and discussion 
3.1 Catalyst Characterization 
Figure 1 shows Fourier transform infrared 
(FTIR) spectroscopy of the bimetallic catalysts 
in the range of 400–4000 cm−1. The peaks be-
tween 500 and 1085 cm−1 is important for the 
detection of molybdate. The bands at 900 to 
1050 cm−1 and in 800–850 cm−1 range represent 
Mo=O-terminal, Mo−O−Mo asymmetric vibra-
tions, and O−Mo−O stretching vibrations. The 
tetrahedral, octahedral and other poly molyb-
date structures and the crystalline MoO3 have 
shown peaks at 930, 980 and 580 cm−1. Also, 
the tetrahedral and octahedral structures of 
molybdenum species result in bands between 
800 cm−1 and 1085 cm−1. Tetrahedral, octahe-
dral and other polyhedral molybdenum vibra-
tions appear in 830–930, 930–990 and 800–860 
cm−1, but because of their overlap with HZSM-5 
bands, they are difficult to identify [18]. For ac-
tivated carbon, the presence of peaks at 1650 
cm−1 can be attributed to the carboxyl group 
and the sharp peak at 1450 cm−1 and weak 
peak at 880 cm−1, respectively, corresponded to  
symmetric and asymmetric bending vibrations 
and stretching mode of C−H bonds of the aro-
matic rings in the activated carbon structure 
[19–22]. In addition, the broad peak at 3400–
3600 cm−1 and 1620 cm−1 are indexed to the 
asymmetry stretching and bending vibrations 
of the hydroxyl group (O−H) and, or phy-
sisorbed surface water in KBr [23]. 
XRD analysis was performed to confirm the 
presence of activated carbon and HZSM-5 
structures after metal impregnation. As shown 
in Figure 2, in all XRD patterns, the peaks at 
2θ=6°–11° and 22°–25° show the HZSM-5 
phases [20]. The amorphous phase is also ob-
served between 20° and 30°. The XRD spectra 
of the CoMo/HZSM-5 catalyst have been re-
ported in our previous work in DBT hydro 
desulfurization [13]. Compared to pure sup-
ports, XRD patterns show that the peak inten-
sities have decreased, expanded, and shifted to 
higher angles, which could be due to the partial 
collapse of a lattice on metals (Co and Mo) [27]. 
The broad diffraction at 2θ = 15°–30° indexed 
to the amorphous structure of activated carbon. 
In addition, broad and weak peak at 2θ = 40°–
50° are related to the graphite structure 
[19,28]. The intensity of these peaks is higher 
for CoMo/AC-Z(3:1) catalyst because the weight 
ratio of activated carbon is higher. In contrast, 
while the intensity of these peaks decreases for 
CoMo/AC-Z(1:1). 
Figures 3(a-c) show the types of hysteresis 
loop as well as the pore diameter dispersion. As 
shown in Figure 3(a), the isotherms related to 
the composites appear to be the combination of 
types IV and I, indicating that both micropore 
and mesopore structures are present. We ob-
Figure 1. FT-IR spectra of CoMo supported na-
noparticles at room temperature with grinding 
99% KBr and 1% catalysts. 
Figure 2. XRD patterns of bimetallic CoMo 
supported composites with various mass ratios 
of the AC and zeolite. 
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served type H2 hysteresis loop for the compo-
sites that this type is characteristic of solids 
consisting of particles crossed by nearly cylin-
drical channels or made by aggregates of sphe-
roidal particles. In this type, pores have the 
non-uniform size or shape. 
Table 1 shows the surface and pore proper-
ties of the composites. In agreement with the 
table data, since the pore size of CoMo/AC-Z 
(3:1) composite is smaller, it is expected that its 
specific surface area will be larger. The size of 
the pores also varies from 2.13 to 2.33 nm, 
which indicates that according to the IUPAC 
classification, the prepared composites are mes-
opores. The pore volume of the composites is al-
so very close to each other, and unlike SBET, the 
surface area obtained by the Langmuir plot for 
CoMo/AC-Z (1:1) is higher. 
Figure 4 shows the morphology of the bime-
tallic supported on composites taken with the 
scanning electron microscope. According to 
SEM images (Figure 4(a)), the activated carbon 
has the rich-pore structure with many pores 
arranged in the regular and hexagonal pattern. 
HZSM-5 also has the hexagonal/cubic morphol-
ogy that can be seen in Figure 4(b). Unlike ac-
tivated carbon, whose morphology in compo-
sites is unchanged and well visible, but the 
morphology of the HZSM-5 is not clearly visible 
in the composites due to the impregnation of 
the metals over the composites as well as the 
calcination, which causes the nanoparticles to 
aggregate. 
 
3.2 Activity Test 
The activity results of the catalysts in the 
temperature range of 250–400 °C and atmos-
pheric pressure using 0.5 g of each catalyst are 
shown in Table 2. The results indicate that the 
activity of the catalysts is not strongly depend-
ent on the acidic properties of the composites. 
The reason seems to be the aggregation of 
MoS2 phases and its transfer from surface to 
bulk. For the CoMo/AC-Z (3:1) catalyst, activity 
Catalyst SBET (m2/g)a dp (nm)b Vp (m3.g-1)c SLang (m2/g)d AcTotal (mmol/g)e 
CoMo/AC-Z (1:1) 304 2.33 0.17 330 2.09 
CoMo/AC-Z (3:1) 346 2.13 0.18 320 1.98 
Table. 1. Surface and pore properties of bimetallic CoMo supported composites. 
a BET surface area by Brunauer–Emmett–Teller method. 
b Mean pore diameter by BJH method. 
c Total pore volume (p/p0=0.990) (Vp) by BET plot. 
d Langmuir surface area by Langmuir plot. 
e Total acidity by NH3-TPD [25, 27, 28]. 
Figure 3. adsorption pore diameter dispersion (BJH plot) (a) CoMo/AC-Z (1:1) (b) CoMo/AC-Z (3:1) and 
(c) N2 adsorption-desorption isotherms of the bimetallic AC-Z composites. 
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Catalyst Temperature (°C) Conversion (%) CHB Selectivity (%) CHB Yield (%) 
CoMo/AC 
250 99.4 38.6 38.4 
300 57.0 >99.9 57.0 
350 64.8 55.0 35.6 
400 45.5 43.9 20.0 
CoMo/AC-Z (1:1) 
250 86.7 35.2 30.5 
300 99.7 10.6 10.5 
350 >99.9 21.8 21.8 
400 >99.9 49.8 49.8 
CoMo/AC-Z (3:1) 
250 45.8 >99.9 45.8 
300 81.8 95.4 78.4 
350 84.2 95.7 80.0 
400 47.9 >99.9 47.9 
CoMo/Z [13] 
250 54.1 3.7 2.0 
300 60.1 3.7 2.2 
350 71.4 4.3 3.1 
400 69.8 5.4 3.8 
Table 2. Conversion, CHB selectivity and CHB yield of CoMo supported catalysts at the temperature 
range of 250–400 °C. 
Figure 4. SEM images of the CoMo bimetallic over pure supports (a) CoMo/AC, (b) CoMo/Z, and acti-
vated carbon-HZSM-5 composites (c) CoMo/AC-Z (3:1) and (d) CoMo/AC-Z (1:1) at room temperature. 
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increases and then decreases with increasing 
reaction temperature. For CoMo/AC-Z (1:1) and 
CoMo/Z, as the temperature increases, there is 
an upward trend in the hydrodesulphurization 
activity, which seems to increase the partial 
pressure of the reactants by increasing the 
temperature, making these materials easy to 
access for the reaction. With respect to the    
CoMo-based catalysts that the performance of 
which was published in the previous report of 
this group, a similar trend is observed [13]. In 
addition, the results confirm that the addition 
of activated carbon increases effectively the 
selectivity of the prepared composite to the cy-
clohexyl benzene production. 
The CoMo/AC catalyst also exhibits a peri-
odic trend. The highest DBT conversion is ob-
tained for CoMo/AC-Z(1:1) in the temperature 
range of 350–400 °C. The results of GC confirm 
that cyclohexylbenzene is predominant prod-
uct. The selectivity of the catalysts for this 
product was calculated. The CoMo/AC-Z(3:1) 
catalyst has the highest selectivity at all tem-
peratures. 
Figure 5(a) shows the effect of weight ratio 
change of each support on the conversion of 
dibenzothiophene. According to the figure, the 
catalytic activity increases with increasing the 
weight ratio of zeolite in the composite struc-
tures. This initial increase in activity seems to 
be due not to the increase in the metal sulfide 
dispersion, but to the synergistic effect between 
the acidic sites and the metal sulfide. However, 
more activity is due to the higher adsorption of 
DBT in the pore of zeolites. Nevertheless, as 
the amount of HZSM-5 and activated carbon 
changes from the optimum ratio and the 
weight ratio of zeolite increases, the catalytic 
activity decreases. The reason for this trend 
seems to be that zeolites have Brönsted acidic 
sites, when their number increases and the re-
action time passes, these sites are covered with 
coke, which leads to a decrease in catalytic ac-
tivity. It should be noted that about the HZSM-
5 coke formation is less common than other ze-
olites due to its steric constraints [30]. Also, it 
should be added that catalytic activity is im-
proved due to the synergistic effect of the acti-
vated carbon. It seems that the presence of slit-
shaped micropores causes the sulfur sink, 
which improves catalytic performance [31]. 
Figure 5(b) shows the reaction rate changes 
due to the increase in reaction temperature. 
For CoMo/AC-Z (3:1), when the reaction tem-
perature is increased up to 350 °C, the specific 
rate similarly increases and then the rate de-
creases. For the CoMo/AC-Z (1:1) and CoMo/Z 
catalysts, we also see an increasing trend that 
seems to be due to acidic sites of these cata-
lysts that increases the dispersion of metal sul-
fides and their easy access [30]. It is assumed 
that increasing the weight percent of activated 
carbon up to a ratio of 1:1 (optimized ratio) has 
a significant effect on the performance of the 
catalysts by providing sufficient surface area 
and increasing the active phase dispersion. The 
CoMo/AC catalyst similarly follows a periodic 
trend. 
Figure 5. (a) The effect of mass ratio of activated carbon and zeolite on DBT conversion at various tem-
peratures and (b) Specific rate of CoMo supported catalysts as a function of reaction temperature in 
DBT hydrodesulphurization. 
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4. Conclusions 
In this project, CoMo supported catalysts 
were successfully prepared. Composites with 
different weight ratio of activated carbon and 
H-ZSM-5 zeolite were used as catalyst sup-
ports. The performance of these catalysts was 
investigated in the DBT hydrodesulphurization 
reaction using fixed-bed reactor. The results of 
the activity tests confirm that the best conver-
sion of DBT and CHB selectivity were obtained 
for CoMo/AC-Z (1:1) (350–400 °C) and 
CoMo/AC-Z (3:1) at all temperatures. 
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